Genetic relationships were examined among wild-caught southern flying squirrels (Glaucomys volans) sharing the same natural nest cavity. Under natural conditions, typically 75-80% of southern flying squirrel nest groups comprise adult-aged individuals. The remainder nest in family-based groups or are solitary. The coefficient of relatedness within nest groups of adult individuals and family-based nest groups was examined through microsatellite DNA analysis. Family or adult nest groups were identified from the age class of individual group members determined through a discriminant function analysis based on body mass. From this information, nest groups were categorized as family-based groups comprising a single adult female with nestlings, adult groups comprising adult aged-individuals, or subadult nest groups. The average coefficient of relatedness was determined in each nest group. Within the putative family groups, most individuals were 1st-order relatives. In the adult nest groups, the coefficient of relatedness was low, indicating that these individuals were unrelated. The relationships within the subadult nest groups were intermediate. This is the 1st study to show that adult nestmate southern flying squirrels typically are unrelated and do not nest in family-based groups.
The southern flying squirrel (Glaucomys volans) is a longlived (10 years), nocturnal glider that does not hibernate but instead actively forages throughout the winter, relying on scatter caches of hard mast as its primary food resource (Harlow and Doyle 1990; Layne and Raymond 1994) . This species nests in groups of 4-7 individuals (range 1-25 individuals) throughout its distribution across eastern North America (Dolan and Carter 1977; Layne and Raymond 1994; Muul 1968) . Nest groups form during autumn and may persist through early summer; however, during the warmer months southern flying squirrels typically are solitary (Layne and Raymond 1994; Muul 1968) . Previous research has shown that the largest nest groups occur during winter, and that group nesting provides significant thermoregulatory benefits relative to solitary animals . Little information is available regarding the longevity of nest-group associations over any temporal scale, but it has been hypothesized that adult southern flying squirrels nest in groups of closely related individuals and forage cooperatively (Layne and Raymond 1994; Madden 1974; Muul 1968) .
Based on mark-recapture data, Layne and Raymond (1994) found that a minimum of 16% of nest groups contained at least 1 pair of 1st-order relatives. Sociality leads to increased fitness for many group-living animals (Dugatkin 1997; Giraldeau and Caraco 2000) but there are important ''automatic'' fitness costs that also may accrue in gregarious species (Alexander 1974; Waterman 2002) . Such costs include increased competition for food, transmission of pathogens, and often a greater risk of predation for small, nocturnal mammals. Southern flying squirrels rely on scatter-hoarded food as their primary winter resource (Harlow and Doyle 1990; Taulman 1999; Vander Wall 1990) ; thus, the costs of cache pilfering by nestmates could be significant. In a seminal study, Andersson and Krebs (1978) addressed the costs of cache pilfering in group-living, scatter-hoarding animals. Based on this work, scatter-hoarding individuals would incur greater time and exposure costs when storing food relative to a nonstoring, pilfering group member. Pilferers would pay none of the costs while enjoying the benefits of eating stored food. For scatter hoarding to be an evolutionarily stable strategy among group-living animals, food-storing individuals should accrue greater fitness than pilferers (Andersson and Krebs 1978; Clark and Mangel 1986) . This difference in fitness payoffs could occur through 2 distinct mechanisms. First, the costs of stolen caches could be mitigated through indirect fitness gains among closely related group members. Storing individuals could lose caches to a pilfering group member but would recoup these losses when a pilferer successfully raised offspring. Second, food-storing individuals could possess a 'storer's advantage' where they can retrieve their caches more efficiently than pilferers and thus minimize the number of stolen caches (Anderrson and Krebs 1978) . We conducted an initial examination of these 2 hypotheses by determining the coefficient of relatedness among nestmate southern flying squirrels. We also have addressed this question in southern flying squirrels through a series of laboratory and field experiments that examine their cache storage and retrieval behavior (Winterrowd 2001) .
The relationships among adult nestmates in G. volans are unknown and obscured by seasonal variation in group size and composition. In an extensive, year-round field study, Layne and Raymond (1994) surveyed 3,420 nest boxes over a 5-year period and identified 2 main types of nest groups, adult groups and family groups. They found that 88% of nest groups comprised a majority of adult individuals of unknown relationship and 12% of nest groups are family groups consisting of an adult female with nestlings. In addition to field examination, we identified family and adult nest groups through discriminant function analysis (DFA) of body mass and through microsatellite DNA analysis. By using DFA, we assigned individuals to 1 of 3 age classes (nestling, adult, or subadult) based on their body mass. The age composition of group members was used to categorize nest groups as a familybased group, an adult nest group, or a subadult nest group. Through these methods we directly examined the relatedness within nest groups, especially the adult nest groups, to evaluate the hypothesis of inclusive fitness benefits due to group nesting in southern flying squirrels.
MATERIALS AND METHODS
One hundred ninety-six individuals were collected and euthanized by following guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) (Laves and Loeb 1999) . This habitat was actively managed for the endangered red-cockaded woodpecker (Picoides borealis), which included the removal of southern flying squirrels. Animals were weighed, sexed, and examined for reproductive condition. To perform DFA, observations were assigned to a priori categories of body mass. We initially categorized individuals into age classes based on the age rule of Layne and Raymond (1994) : adults were .50.0 g, subadults were 25.0-49.9 g, and nestlings were ,25.0 g. These critical weights, 50 and 25 g, are reached at about the age of sexual maturity and weaning, respectively, at southern temperate latitudes (Raymond and Layne 1988) . The initial age categories and observations of body mass were then used to statistically determine age classes based on the mean and Mahalanobis distance properties of the data.
DFA: calibration data set.-The DFA was performed on 196 animals collected at the refuge by dividing the data into calibration and test data sets (Table 1 ). An initial calibration data set was based on 122 animals from the refuge classified as adults, subadults, or nestlings. A 2nd calibration data set (the full calibration data set) also was analyzed and included 81 additional records of body mass in southern flying squirrels from the scientific literature (Appendix I). The additional data were from animals collected throughout the distribution of G. volans and were included to increase the generality of the analysis. The resulting discriminant functions were applied to a test data set of 74 animals, also from the refuge, to determine the age class of individuals. This information was used to categorize each nest group as a family-based nest group, an adult nest group, or a subadult nest group.
DFA: test data set.-Within the test data set, family groups were defined as a single adult female with nestling or subadult individuals. Adult nest groups were defined as those composed of a majority of adult individuals. Nine of the 11 adult nest groups included only adult animals. Two adult nest groups also included a single subadult individual. Subadult nest groups were defined as a majority of subadult individuals with no adult female or !2 adult females present. Blood and tissue samples were collected from the animals in the test data set for microsatellite DNA analysis and to verify the DFA-based nest-group designations.
Microsatellite DNA analysis.-The analysis was based on singlelocus, microsatellite primers developed for the northern flying squirrel (G. sabrinus; Table 2 ). Two loci were developed by Therion International, LLC (Saratoga Springs, New York) and 1 locus (GS-2) was obtained from the primary literature (Zittlau et al. 2000) . Additional methodological information can be found in Wilson (2000) and Zittlau et al. (2000) . Therion performed the polymerase chain reaction (PCR) analysis and scoring of alleles. The primers developed by Therion were determined from genomic DNA isolated from tissue of 1 G. sabrinus collected from the Fort Lewis Military Reservation, Pierce County, Washington (Wilson 2000) according to the following procedure. The DNA was extracted and subsequently digested with Sau3AI. The resulting fragments were ligated into the BamHI site of the ZAP Expression Vector (Stratagene, La Jolla, CA). The library was screened by colony lift and hybridization with an equimolar (ABI, Foster City, California) . Methods used for the development of the GS-2 locus are detailed by Zittlau et al. (2000) and references cited therein.
Animals were collected in the field by KSL and stored at À208C until tissue removal. Tissues subsequently were stored at À708C until DNA extraction. Tissue was incubated for 3 h at 558C in a 250-ll solution of 10 mM Tris pH 7.4, 10 mM ethylenediaminetetraacetic acid pH 8.0, 10 mM NaCl, 0.74% sodium dodecyl sulfate, and Proteinase-K at 740 lg/ml. The solution was extracted with equal volumes of phenol, phenol : chloroform/isoamyl alcohol (24:1), and chloroform : isoamyl alcohol (24:1). DNA was precipitated by using 0.2 volumes of 10 M ammonium acetate and 1 volume of 95% ethanol. DNA yield was determined by comparison with known controls on agarose gels.
PCR conditions.-The PCR solutions included 5 ng of organically extracted DNA, 0.2 lM of each primer, 0.2 mM deoxynucleotide triphosphates, PCR buffer (10 mM Tris-HCl pH 8.8, 3.5 mM MgCl 2 , and 75 mM KCl), and 1 unit of JumpStart Taq DNA polymerase (Sigma Chemical Company, St. Louis, Missouri). A Thermolyne Amplitron II PCR machine (Thermolyne, Dubuque, Iowa) was used according to the following conditions: 3 min at 948C, followed by a touchdown protocol of 40 s at 948C, 50 s at an initial annealing temperature of 708C, and 30 s at 728C. This was repeated for 38 cycles with a 608C annealing step followed by 5 min at 728C. After PCR, 5 ll of the reaction was electrophoresed on a 3% agarose gel to verify amplification. Alleles were scored from 1-to 2-ll samples processed on a Spreadex EL 500 mini gel (Elchrom Scientific, Cham, Switzerland) in 30 mM TAE buffer circulating at 558C for 1-2 h. Allele sizes were determined by comparison with a 10-base pair DNA ladder (Invitrogen Life Technologies, Carlsbad, California). Multiple samples of the same individual were routinely included as a blind test of the scoring procedures.
The relatedness of individuals in the same nest group was determined by examining 3 microsatellite loci ( Table 2 ). The genetic software Relatedness 5.0 (Queller and Goodnight 1989 ) was used to calculate the average coefficient of relatedness (r xy ) among individuals in a nest group, based on:
In this equation, P x is the allele frequency in a focal individual, P y is the allele frequency in the focal animal's nestmates, and P* is the allele frequency in the population, excluding the compared individuals (Queller and Goodnight 1989) . This measure of relatedness ranges from À1 to þ1, where a positive value indicates that 2 individuals share more alleles that are identical by descent than expected by chance and a negative value indicates the sharing of fewer identical by descent alleles than expected. First-degree relatives such as parents and offspring or full siblings should have an r value of 0.5, whereas pairs of unrelated individuals should have an r value of 0.
In addition, the genetic pairwise relationships between all nestmates within a group were examined by using the program Kinship 1.2 (Goodnight and Queller 1999) . The Kinship software allows the calculation of the likelihood that a pair of genotypes fits a hypothesized relationship, such as unrelated or 1st-order relatives. The log of the ratio of the likelihood values indicates which hypothesis is favored or if there is insufficient power to address either hypothesis.
RESULTS
Based on all the animals trapped between late March and early June of 1994 and 1995 at the refuge, there was an average of 2.4 6 0.13 individuals per nest group (range 1-7 individuals, n ¼ 111 nest groups and 269 animals). The sex ratio was 1.44 (male : female, n ¼ 110).
DFA: refuge calibration data set.-A DFA was used to statistically determine an age classification rule based on the 3 age classes of Layne and Raymond (1994) . A univariate test of the refuge calibration data set showed a significant main effect of the 3 age categories (F ¼ 290.6, d.f. ¼ 2, 119, P , 0.0001), and a Ryan-Einot-Gabriel-Welsh multiple-range test showed that each category was significantly different from the others. Overall, 93% (n ¼ 64) of the animals defined as adults by using the weight criterion of Layne and Raymond (1994) were correctly classified as adults based on the DFA (Table 1) . One hundred percent of the nestlings (n ¼ 8) and 98% of the subadults (n ¼ 45) were classified correctly. The overall error rate of misclassified individuals in the refuge calibration data set was 3.16%. The resulting age rule is that individuals .56 g are classified as adults, individuals ,28 g are classified as nestlings, and intermediate individuals are classified as subadults.
DFA: full calibration data set.-The results based on the full calibration data set were similar to those based on the refuge calibration data set (Table 1) . Ninety-five percent of 126 adults were classified correctly. One hundred percent of 19 nestlings and 51 subadults were classified correctly. The overall error rate of the full calibration data set was 1.75%. The full calibration data set was analyzed to verify the initial classification analysis based on the refuge animals and to incorporate a greater range of variation in adult body mass across the distribution of G. volans (Dolan and Carter 1977) . Based on the full calibration data set, the discriminant function is that individuals .55 g are classified as adults, individuals ,25 g are classified as nestlings, and individuals of intermediate mass are classified as subadults (Table 1 ). The discriminant functions based on either the refuge or full calibration data sets were similar to the weight-based age rule of Layne and Raymond (1994) . The discriminant function based on the refuge calibration data set was used in a crossvalidation analysis to classify individuals in the test data set.
DFA: test data set.-The results based on the refuge calibration data set were applied to individuals in the test data set to determine their age class. In the test data set, a significant main effect was found among the 3 age classes (F ¼ 247.3, d.f. ¼ 2, 71, P , 0.0001). In addition, a significant difference was found between all 3 categories based on the Ryan-EinotGabriel-Welsh multiple range test. In the test data set, 100% of the adults, subadults, and nestlings were classified correctly. These results are identical to the analysis based on the full calibration data set.
The DFA was used to determine age class of individuals in the test data set and, importantly, to independently classify nest groups as family groups, subadult groups, or groups of adult individuals. Based on DFA, there were 4 family groups, each comprising 3 or 4 individuals (n ¼ 14). Two of these nest groups were known family groups born in captivity. The remaining family groups were wild-caught groups composed of a single adult female and immature subadults. Eleven nest groups were composed of a total of 45 adult individuals and ranged in size from 2 to 6 individuals. Four nest groups of 3-5 individuals (n ¼ 15) were composed of a majority of subadult individuals, without an adult female or with 2 adult females. Subadult nest groups were intermediate in composition relative to family and adult nest groups. One subadult group consisted of 3 nonreproductive subadults (1 male and 2 females) and could have been an older litter that was trapped while the mother was absent. Another group was of similar composition, with 2 additional adult females. The 3rd subadult group was composed of 2 subadult, nonreproductive males and an adult, reproductive male. The 4th group consisted of 2 subadult females, a subadult male, and an adult male.
Genetic analyses.-A preliminary genetic analysis was conducted by using the software Genepop 3.1 (Raymond and Rousset 1995) to determine reliability of the microsatellite data (Blouin et al. 1996; Van de Casteele et al. 2001) . All 3 loci were in Hardy-Weinberg equilibrium (locus 1,
.f. ¼ 10, not significant), and the average observed and expected heterozygosities across the 3 loci were 0.589 and 0.607, respectively. In addition, all 3 loci were in linkage equilibrium based on a 0.05% significance level and 60 permutations by using the genetic software FSTAT (Goudet 1995) . Thus, the genetic data met the preliminary assumptions of the Relatedness (Queller and Goodnight 1989) and Kinship (Goodnight and Queller 1999) software used in the subsequent analyses.
Relatedness.-Within the putative family groups, the coefficient of relatedness among individuals was r ¼ 0.50 6 0.084, n ¼ 14 (mean 6 1 SE; Fig. 1 ). This value is consistent with the expectation among 1st-order relatives, such as parents and offspring or full siblings. Among the subadult nest groups, the coefficient of relatedness was r ¼ 0.38 6 0.086, n ¼ 15 (range 0.30-0.49). The average coefficient of relatedness within the family nest groups was significantly greater than for subadult nest groups (R À R9 ¼ 0.211, P ¼ 0.006 -Queller and Goodnight 1989) . Within the adult nest groups, the average coefficient of relatedness was much lower (r ¼ 0.029 6 0.052, n ¼ 45) and was significantly different from the subadult and family nest groups combined (R À R9 ¼ À0.99, P , 0.0001) or for family groups analyzed separately (R À R9 ¼ À0.59, P , 0.0001).
Kinship.-The range of relatedness values between individuals within the 11 adult nest groups was À0.318 to 0.169, indicating that the majority of adult nestmates were unrelated. We further examined the 3 adult nest groups with the highest coefficient of relatedness values in more detail. Based on a kinship analysis with 1,000 simulations, none of the pairwise comparisons within these 3 adult nest groups were between 1st-order relatives at the P ¼ 0.05 significance level. However, within the remaining adult nest groups, there were 6 pairs of 1st-order relatives within 4 nest groups. Within these 4 groups, there were 1 or 2 pairs of 1st-order relatives including 4 malemale pairs, 1 male-female pair, and 1 female-female pair. Reported in the same manner as Layne and Raymond (1994) , 4 (36%) of 11 adult nest groups contained at least 1 pair of 1st-order relatives. Across all adult nest groups, 8% of the 78 pairwise comparisons were between 1st-order relatives (P , 0.05), 65% of the pairwise comparisons were between unrelated individuals (P , 0.05), and 27% of the comparisons were of insufficient statistical power to address either hypothesis (Goodnight and Queller 1999) .
In subadult and family nest groups, the pairwise coefficient of relatedness was much higher than in adult nest groups. Within subadult nest groups, the average pairwise value between nestmates ranged between 0.302 and 0.489, and 45% of the pairwise comparisons were between 1st-order relatives (P , 0.05). Within subadult nest groups, 18% of pairwise comparisons were between unrelated individuals (P , 0.05), and 37% were of insufficient power to address either hypothesis. In family nest groups, 67% of pairwise comparisons were between 1st-order relatives (P , 0.05). Within family nest groups, 5% of the pairwise comparisons were between unrelated individuals (P , 0.05) and 28% were of insufficient power. The more detailed analysis of pairwise relationships among nestmates based on the Kinship software (Goodnight and Queller 1999) was consistent with the average coefficient of relatedness within each nest group based on the Relatedness software (Queller and Goodnight 1989) . Based on DFA and genetic analysis of animals in the test data set, 61% of animals nested with adult individuals, 15% nested with subadults, and 24% nested in a family group (n ¼ 74). Nest groups identified as family groups were typically composed of 1st-order relatives and adult nestmates were unrelated (Fig. 1) .
DISCUSSION
In the present study, we found a similar average and range in nest-group size as in previous field studies of G. volans (Layne and Raymond 1994, and references therein; Muul 1968) , and a similar proportion of animals nesting in family groups and adult nest groups. In addition, our age classification rule, developed through DFA, was similar to the rule developed by Layne and Raymond (1994) and the inclusion of the additional records of body mass from the literature (Appendix I) did not appreciably alter our results (Table 1) . Importantly, DFA allowed us to independently identify putative family groups, subadult nest groups, and adult nest groups within the test data set. These designations were then examined in the microsatellite DNA analysis.
Genetic relationships between animals in family, subadult, and adult nest groups corresponded with our expectations. The putative family groups were verified as groups of 1st-order relatives. Importantly, genetic analysis showed that adult nest groups typically are composed of unrelated individuals (Fig. 1) . Individuals in the subadult nest groups exhibited an intermediate coefficient of relatedness that was significantly lower than that of the family nest groups. Subadult groups likely were composed of a mixture of 1st-order relatives and unrelated individuals and may indicate a transition between the related family-based nest groups and the unrelated adult nest groups.
The main goal of this study was to examine the degree of genetic relatedness within nest groups of adult southern flying squirrels. Our result that adult nestmates are typically unrelated has important implications for explaining the social behavior and food-hoarding strategy of G. volans. A low coefficient of relatedness among adult nestmates would preclude any cooperative behaviors predicated on indirect fitness gains. Instead, our genetic results support the view that adult nest groups may form because of thermoregulatory or mating benefits. The genetic results are consistent with our behavioral experiments that indicate that nestmate southern flying squirrels store and retrieve food caches independently of each other in an attempt to minimize cache pilfering among group members (Winterrowd 2001) .
It is well known that group nesting greatly reduces winter energy expenditure of southern flying squirrels, and that nestgroup size varies indirectly with ambient temperature (Layne and Raymond 1994; Muul 1968; . However, thermoregulation is not a sufficient explanation of group nesting because nest groups also are found during warmer months at southern temperate latitudes (Layne and Raymond 1994; Raymond and Layne 1988) . In this study, we observed extensive group nesting in early June in southeastern North America. Thus, winter nest groups may persist into the warmer months and, at this time, also function as breeding groups. Southern flying squirrels typically exhibit 2 reproductive periods each year; 1 in late winter and a 2nd during midsummer (Lee and Zucker 1990; Raymond and Layne 1988 , and references therein; . Initial mating and parturition occur in late winter to early spring when group nesting is at its seasonal peak. At this time, scrotal males commonly are found nesting with adult females, based on this and other field studies of G. volans (Layne and Raymond 1994; Taulman 1997) . The 2nd breeding period occurs in mid-to late summer when we observed group nesting at the refuge. After mating, a female typically disperses from a nest group and establishes a solitary nest that is defended against any intruders until her offspring mature to 14-60 days of age (Layne and Raymond 1994; Muul 1968) . Our result of a low degree of relatedness among adult nestmates is consistent with minimizing the fitness costs of consanguineous mating. In conclusion, southern flying squirrels may be best described as a gregarious species where adult nest groups are typically composed of unrelated individuals. We hope to verify this finding with further work based on additional microsatellite loci and more extensive sampling of wild-caught animals.
